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(57) ABSTRACT

A Tully on-chip clock generator on an integrated circuit (“I1C™)
includes a frequency detector for recerving a reference cur-
rent and providing a first voltage; an error integrator for
receiving the first voltage from the frequency detector, com-
paring 1t with a reference voltage, and providing a control
voltage; a voltage controlled oscillator (*“VCO”) for recerving,
the control voltage from the error integrator, and providing an
output clock; and a logic controller on the IC, coupled
between the VCO and the frequency detector, and generating
logic control signals for controlling the frequency detector.
The fully on-chip clock generator requires no external crystal,
but 1ts power consumption 1s significantly lower than a relax-

ation oscillator that generates the same clock frequency.
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Receive the reference voltage and generate the
output bias voltage for the trimming circuit

Generate the reference current in response to
the output bias voltage

v

Charge the capacitor C with the reference
current and output the voltage V,

Y

Compare the voltage V, with the reference voltage

v
Flite i'i ng chntrﬁ!

Generate an output clock CLK in
response to the control voltage Veentro

\

Generate logic control signals Prs, Peharge, and
Pintae N response to the output clock CLK

¥

Determine whether the frequency of the output
clock CLK is within an expected range
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METHOD AND APPARATUS FOR
GENERATING ON-CHIP CLOCK WITH LOW
POWER CONSUMPTION

BACKGROUND INFORMATION

The present invention relates to clock generation on inte-
grated circuits (ICs). In particular, the invention relates to an
apparatus that generates on-chip clock without external com-
ponents, such as a crystal.

Clock generators play a critical role in modern integrated
circuits. The stability of the clock 1s key to the performance of
other systems on the IC that use the clock. For example, the
signal-to-noise ratio (SNR) of an analog to digital converter
(ADC), the stability of a UART communication port, and
variation of power consumption at different temperatures and
power supply voltages of a CPU are all subject to the stability
of the clocks that drive them. Typically, a combination of a
phase locked loop (PLL) and an off-chip crystal, which has
high stability, 1s utilized to generate a highly stable clock for
an IC. But the size of the crystal 1s often unacceptably big
compared to ICs which are becoming smaller and smaller, 1n
particular for applications that are limited by their PCB areas.

Fully on-chip clock generators are popular for ICs that
emphasize small package size. Traditionally, the fully on-
chip clock generator 1s a relaxation oscillator, which 1s made
up of an on-chip resistor, a capacitor and active circuits such
as comparators. However, the relaxation oscillator 1s often
power hungry compared to PLL. For modern low power ICs,
the relaxation oscillator often takes a large percentage of
overall power consumption.

In a prior art relaxation oscillator 100, as shown 1n FIG. 1,
a capacitor C1 must be charged and discharged at an output
clock frequency F ;.. The two comparators 101 and 102 must
make decisions 1n a time period much lessthan T ,,=1/F _,, to
keep the temperature dnift of F_,, low. Both make power
consumption of the relaxation oscillator high.

Therelore, 1t would be desirable to provide a fully on-chip
clock generator which does not require an external crystal and
1s power elficient.

BRIEF DESCRIPTION OF THE DRAWINGS

So that features of the present invention can be understood,
a number of drawings are described below. It 1s to be noted,
however, that the appended drawings illustrate only particular
embodiments of the mvention and are therefore not to be
considered limiting ol 1ts scope, for the invention may encom-
pass other equally effective embodiments.

FIG. 1 shows a prior art relaxation oscillator.

FI1G. 2 shows a fully on-chip clock generator according to
one embodiment of the present invention.

FIG. 3 shows the control signals generated by the logic
control circuit 204 1n the fully on-chip clock generator 1n FIG.
2 according to one embodiment of the present invention.

FIG. 4 shows an exemplary circuit of the frequency detec-
tor 201 and the error integrator 202 1n the fully on-chip clock
generator 1 FIG. 2 according to one embodiment of the
present invention.

FIG. 5 shows a fully on-chip clock generator according to
one embodiment of the present invention.

FIG. 6 shows a fully on-chip clock generator according to
one embodiment of the present invention.

FIG. 7 shows an exemplary circuit of a clock frequency
deviation detection circuit 601 in the fully on-chip clock
generator shown 1 FIG. 6 according to one embodiment of
the present invention.
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FIG. 8 shows a fully on-chip clock generator according to
one embodiment of the present invention.

FIG. 9 shows an exemplary circuit of the reference current
generator 801 1n the fully on-chip clock generator in FIG. 8
according to one embodiment of the present invention.

FIG. 10 shows an exemplary circuit of the current trimming,
circuit 802 1n the fully on-chip clock generator in FIG. 8
according to one embodiment of the present invention.

FIG. 11 shows an exemplary shape of the poly resistor
according to one embodiment of the present invention.

FIG. 12 illustrates a flowchart of a method for generating a
clock for an integrated circuit with only on-chip components.

DETAILED DESCRIPTION OF EXAMPL.
EMBODIMENTS

L1l

A tully on-chip clock generator on an integrated circuit
(“IC”) comprises a frequency detector for receiving a refer-
ence current and providing a first voltage; an error integrator
for recerving the first voltage from the frequency detector,
comparing 1t with a reference voltage, and providing a control
voltage; a voltage controlled oscillator (“VCO”) for recerving,
the control voltage from the error integrator, and providing an
output clock; and a logic controller on the IC, coupled
between the VCO and the frequency detector, and generating
logic control signals for controlling the frequency detector.
The fully on-chip clock generator requires no external crystal,
but 1ts power consumption 1s significantly lower than a relax-
ation oscillator that generates the same clock frequency.

FIG. 2 shows a fully on-chip clock generator according to
one embodiment of the present invention. The clock genera-
tor 200 may comprise a frequency detector 201, an error
integrator 202 and a voltage controlled oscillator (*VCO’)
203 coupled 1n series between an mput reference current I,
and an output clock CLK, and a logic controller 204 1n a
teedback loop between the VCO 203 and the frequency detec-
tor 201.

The VCO 203 may receive a control voltage V__ . from
the error integrator 202 and generate an output clock CLK 1n
responsetoV__ .. The VCO 203 may be any commercially
available VCO.

The logic control circuit 204 may receive the output clock
CLK from the VCO 203, divide it down, and generate logic
control signals to be used by the frequency detector 201. FIG.
3 shows the control signals generated by the logic control

circuit 204 according to one embodiment of the present
invention. The signals P,_, P P en and CLK will be

rst? - charge® T integ?
discussed below with referenceﬁo the gperation of the fully
on-ship clock generator of the present invention.

FIG. 4 shows an exemplary circuit of the frequency detec-
tor 201 and the error integrator 202 according to one embodi-
ment of the present ivention. The circuit 1n FIG. 4 may
receive a reference current I, compare a voltage V with a
reference voltage V, . and adjust the control voltage V
of the VCO 203 according to the result of comparison.

The frequency detector 201 may comprise a first switch
401, a second switch 401, a capacitor, and a switch 401. The
first switch 401 and the capacitor C may be coupled in series
in a current path that receives the reference current I, . and
the second switch 402 may be coupled in parallel with the
capacitor C. The voltage V_ may be taken from an interme-
diate node between the first switch 401 and the capacitor C
and input to the error integrator 202.

The error integrator 202 may include a power amplifier
403. It may receive a voltage Vx from the frequency detector
201 at 1ts negative mput via a switch 404, recerve a reference

voltage Vref atits positive mnput, and provide a control voltage

coORIrol
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Vcontrol at its output to control the VCO 203 (FIG. 2An
integrating capacitor Cint may be coupled between the power
amplifier 403’s output and negative 1mput.

The three switches 401, 402 and 404 may be controlled by
the 3-phase non-overlapping control signals P, ,.../P,  and
P,ee 10 F1G. 3, which are generated by the logic control
circuit 204 in response to the clock signal CLK from the VCO
203.

Att2, anoperation cycle may start. The signal P, may turn
high to turn on the switch 402 to start a reset phase, during
which the capacitor C may be shorted to the ground while the
switch 401 remains open because signal P may remain
low.

Attd, the signal P, . may turn low to turn off the switch 402,
and the signal P, ... may turn high to turn on the switch 401
to start a charging phase, during which the reference current
I,.may charge the capacitor C to a voltage V. The period ot
the charging phase and the voltage V may carry information
about the VCO 203 output frequency.

Attl2, the signal P, . may turn low to turn oft the switch

402, the signal P, reg MIAY TUN high to turn on the switch 404
to start an integrating phase, during which the error integrator
202 may force the voltage V_ back to the reference voltage
V,.rsuch that charge Q=(V -V, J*C, which may correspond
to an error, 1s delivered to the integrating capacitor C,, .. Spe-
cifically, 1f V_ >V, the control voltage V_,,, ..., may be low.
The feedback loop may force the charge on the capacitor C to
move to the integrating capacitor C, toincreaseV . . . until
V.=V, IV <V, the control voltage V_, ., may be high.
The feedback leep may force the charge on the integrating

capacitor C, _to move to the capacitor C to decrease V
untill V_=V

charge

IF2t CORIrol

ref’
In one embodiment, P ... 1n FIG 3 may represent 8 clock
cycles, V =1, *81 ,/C, where I, =V, J/R. It the frequency

F_, of the VCO output clock CLK 1S lewer than 8/RC, then'V
1s higher than V, . In the integrating phase, V_,, .. the
output of the error integrator 202, may be forced lower to
allow charge transfer. The VCO 203 may be designed such
that its output frequency 1s higher with a lower control voltage
(or negative gain). Since the control voltage V. . 1s forced
lower, the VCO 203 may output a clock with a higher fre-
quency. Similarly, fora VCO frequency higher than 8/RC, the
error integrator 202 may output a higherV__ . . and the VCO
203 may output a lower frequency. The process may repeat
until the frequency F ;. of the VCO output clock CLK 1s equal
to 8RC, or 1n other words, until the loop 1s locked to the
frequency 8/RC.

FI1G. 5 shows a fully on-chip clock generator according to
one embodiment of the present invention. In some applica-
tions, switching of MOS transistors 1n the frequency detector
201 and the error integrator 202 may bring ripples to the
control voltage V____ . and, therefore, a low pass filter 501
may be placed between the output of the error integrator 202
and the input of the VCO 203 to suppress ripples and provide
better jitter performance.

FIG. 6 shows an on-chip clock generator 600 according to
another embodiment of the present invention. The clock gen-
crator 600 may include a frequency deviation detector 601
that detects a deviation of the frequency F _,, of the VCO clock
output CLK from an expected value due to inferences. The
frequency deviation detector 601 may generate a flag
CLK_OK representing status of the clock signal, so as to
inform other components ina system using CLK, e.g., a CPU,
whether the clock signal has an error. The clock frequency
deviation detection circuit 601 may be coupled to the input of
the frequency detector 201.
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FIG. 7 shows an exemplary circuit of a clock frequency
deviation detection circuit 601 in the fully on-chip clock
generator shown i FIG. 6 according to one embodiment of
the present invention. The clock frequency deviation detec-
tion circuit 601 may comprise a first switch 701 and a capaci-
tor 702 coupled in series 1n a current path that receives the
reference current I, . and a second switch 703 coupled n
parallel with the capacitor 702. A voltage V_, may be taken
from an intermediate node between the first switch 701 and
the capacitor 702 and input to a first comparator 704 at its
negative input and a second comparator 705 at 1ts positive
input. The reterence voltage V, . may be input to the first
comparator 704 at 1ts positive input. A second reference volt-
age VLO may be mnput to the second comparator 705 at 1ts
positive iput. The frequency deviation detection circuit 601
further may 1nclude an “AND” gate 706 receiving outputs
from comparators 704 and 705. The comparators 704 and 705
may be controlled by a signal en, which 1s shown in FIG. 3.

The clock frequency deviation detection circuit 601 (or
clock OK detection) may be implemented to monitor quality
ofthe frequency F _,, ofthe VCO output clock CLK. Referring
to FIG. 7, a copy of the reterence current I, rmay be used to
charge the capacitor 702 which may be larger than the capaci-
tor C 1n the frequency detector 201. With the same charging
current I, -and the same charging time P, ... the Veltage
level on the capacitor V_, should be lower than the value V_1n
the frequency detector 201. The comparators 704 and 705
may determine 1t the voltage V| falls between 'V, -and VLO
which may cause the AND gate 706 to generate an output
representing valid operation. If the voltage on VX1 exceeds
VREF or falls below VLO, then the AND gate may generate
an output representing an error condition.

In an embodiment, the capacitor C1 may be set to be 10%
larger than the capacitor C of FI1G. 4. Further, VLO may be set
to a value of about 0.8*VREF. In this embodiment, 1if the
system 1s operating properly, VX1 should be about 0.9%Vx.

ItV,,>V, s the output of the comparator 704 1s “0”, and 1f
V,1<0.8 V, 4 the output ot the comparator 705 1s “0”. The
signal CLK_OK, the output of the “AND” gate 706, 1s “0”
whenever the output of the comparator 704 or the comparator
705 1s “0”, mndicating that V_, 1s out of an expected range,
whichmaybe90%V, 10110%V, . 1108V <V <V,  .the
output of the “AND” gate 1s “1”, indicating that the frequency
F_,. of the VCO output clock CLK falls 1n +/-10% of 1ts
expected value, 8/RC.

FIG. 8 shows a fully on-chip clock generator according to
one embodiment of the present invention. A reference current
generator 801 and a trimming circuit 802 may be coupled 1n
series at the input of the frequency detector 201. The refer-
ence current generator 801 may be used to generate the ret-
erence current I, -used by the frequency detector 201; and the
trimming circuit 802 may be used to compensate the tempera-
ture driits of on-chip resistors and capacitors.

FIG. 9 shows an exemplary circuit of a reference current
generator 801. The reference current generator 801 may gen-
crate an output bias voltage for a current trimming circuit 802
in response to the reterence voltage V, . so that the current
trimming circuit 802 may generate the reference current I, .
for the frequency detector 201. As shown 1n FIG. 9, a power
amplifier 901 may receive the reference voltage V,_.at one of
its 1puts, €.g., 1ts negative mput, and output a voltage to the
gate of an NMOS 903 to drive the NMOS. The source of the
NMOS 903 may be grounded via a resistor R. The drain of the
NMOS 903 may be coupled to the drain of a PMOS 902,
which 1s a current mirror of the NMOS 903. A trimmable
current source 904 may be coupled between a fixed voltage

and the drain of the NMOS 903 to compensate temperature
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coellicient of the system. The source of the PMOS 902 may
be coupled to a fixed voltage. The gate and drain of the PMOS
902 may be coupled together and a bias voltage for the current
trimming circuit 802 may be taken from the gate of the PMOS
902.

FIG. 10 shows an exemplary circuit of a current trimming,
circuit 802. The current trimming circuit 802 may generate
the reference current I, . for the frequency detector 201 in
response to the bias voltage from the reference current gen-
erator 801. The current trimming circuit 802 may comprise a
number of circuit branches coupled in parallel between a
fixed voltage and the output of the current trimming circuit
802. The first circuit branch may have a PMOS 1001 and a
switch 1001’ coupled 1n series; the second circuit branch may
have a PMOS 1002 and a switch 1002' coupled 1n series; and
the third circuit branch may have a PMOS 1003 and a switch
1003’ coupled 1n series. The gates of PMOSes 1001, 1002 and
1003 may be coupled to the output of the reference current
generator 801 to recerve the bias voltage; and the switches
1001', 1002' and 1003' may be controlled by a trimming
control signal.

Since the frequency F ;. of the VCO output clock CLK 1n
FIG. 2 equals to 8/RC, 1ts temperature drift may be dominated
by the drift of RC. In the reference current generator 801 (see
FIG. 9), a tunable current source 904 with a predefined tem-
perature drift coefficient 1s injected on top of the resistor R to
compensate the drift of R. The temperature drift of the capaci-
tor C (see FIG. 4) may also be compensated by over compen-
sating the drit of R.

In one embodiment of the present invention, R may be
implemented by a poly silicon film 1 the CMOS process, and
its temperature coelficient may rely on its shape. A special
resistor shape may be developed to make the temperature
coellicient of R lower than the standard shape, which 1n turn
may enable higher resolution 1n drift compensation. The opti-
mization 1s based on the fact that the salicide area of a poly
resistor suilers far higher temperature drift than its un-sali-
cide area. FIG. 11 shows an exemplary shape of the poly
resistor.

FI1G. 12 1llustrates a flowchart of a method for generating a
clock for an mtegrated circuit with only on-chip components
according to one embodiment of the present invention. The
method 1s described with reference to FIGS. 2-10.

At 1201, the reference current generator 801 may receive
the reference voltage and generate the output bias voltage for
the trimmuing circuit 802.

At 1202, the timming circuit 802 may generate the refer-
ence current 1n response to the output bias voltage from the
reference current generator.

At 1203, the frequency detector 201 may be controlled by
the logic control signals P, , P ;... and P, ... from the VCO
203 to discharge the capacitor C, charge the capacitor C with
the reference current and output the voltage V.

At 1204, the error integrator 202 may compare the voltage
V., with the reference voltage V, - and output the control
voltageV__ ..

At 1205, the control voltage V
low pass filter 501.

At1206, the VCO 203 may generate an output clock CLK
in response to the control voltage V___ . ..

At 1207, the logic controller 204 may generate logic con-
trol signals P, P_,,,... and P, .. 1n response to the output
clock CLK to control the frequency detector 201.

At 1208, the frequency deviation detect circuit 601 may
determine whether the frequency of the output clock CLK 1s
within an expected range and tlag 1t.

The procedure may then return to 1203.

, may be filtered by a
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In contrast with the relaxation oscillator 100 1n FIG. 1, the
fully on-chip oscillators of the present invention, as those
shown 1n FIGS. 1-10, may have their VCOs operate at F_,,.
Since P, may take 8 clock cycles, the capacitor C 1n the
frequency detector 201 1s charged and discharged at s of F _,,,
which consumes much less power compared to the relaxation
oscillator 100. On the other hand, during the integrating
phase, P, ... may take 6 clock cycles so that the integrator
only needs to settle 1n Y6 of F_,,, which may also saves sig-
nificant power compared to the two comparators 101 and 102
in the prior art relaxation oscillator 100. The embodiments
only use 8 clock cycles and 6 clock cycles as examples. It
should be understood that clock cycles of P, and P, ..
may be other numbers, as long as they are not smaller than 3.

Compared to a typical relaxation oscillator, the present
invention may achieve the same performance with 3~14 of
the power consumption. In one embodiment, the present
invention provides 16 MHz clock with 0.1 mA Idd while the
relaxation oscillator requires 0.35 mA. For a system that
targets 1 mA overall Idd, such difference 1s vital.

This mvention may achieve better temperature drift by
optimizing resistor shape that defines output frequency. With
the optimized resistor layout, 12 ppm/© C. temperature drift
after trimming 1s achievable, which results 1n 0.2% frequency
variation across —40° C.~125° C. temperature range.

One embodiment 1s a 16 MHz oscillator based on 0.18 um
CMOS process but 1t can easily leverage to other frequency
by tuning the VCO center frequency.

Several embodiments of the present mnvention are specifi-
cally illustrated and described herein. However, 1t will be
appreciated that modifications and variations of the present
invention are covered by the above teachings. In other
instances, well-known operations, components and circuits
have not been described in detail so as not to obscure the
embodiments. It can be appreciated that the specific structural
and functional details disclosed herein may be representative
and do not necessarily limit the scope of the embodiments.
Those skilled 1n the art may appreciate from the foregoing
description that the present invention may be implemented 1n
a variety of forms, and that the various embodiments may be
implemented alone or 1n combination. Therefore, while the
embodiments of the present invention have been described 1n
connection with particular examples thereot, the true scope of
the embodiments and/or methods of the present invention
should not be so limited since other modifications waill
become apparent to the skilled practitioner upon a study of the
drawings, specification, and following claims.

What 1s claimed 1s:

1. A clock generator on an integrated circuit (“I1C”), com-
prising:

a frequency detection, recetving a reference current and

providing a first voltage;

an error integrator, receiving the first voltage from the
frequency detector, comparing it with a reference volt-
age, and providing a control voltage;

a voltage controlled oscillator (“VCQO”), recerving the con-
trol voltage from the error integrator and providing an
output clock;

a logic control circuit, generating logic control signals for
controlling the frequency detector based on the output
clock; and

a Ifrequency deviation detection circuit, coupled to the
input of the frequency detector and providing a signal
indicating whether the frequency of the VCO output
clock 1s within an expected range.

2. The circuit of claim 1, wherein the frequency detector

COmprises:
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a first switch receiving the reference current at a first end;

a first capacitor, coupled between a second end of the first
switch and the ground; and

a second switch, coupled 1n parallel with the first capacitor,

wherein the first voltage 1s taken from the upper part of the
{irst capacitor.

3. The circuit of claim 2, wherein the error integrator com-

Prises:

a third switch;

a first power amplifier, receiving the first voltage at a first
input via the third switch and the reference voltage at a
second 1nput, and providing the control voltage at 1its
output; and

an integrating capacitor, coupled between the power ampli-
fier’s output and first input.

4. The circuit of claim 3, wherein the first input of the first
power amplifier 1s 1ts negative input, and the second 1mput of
the first power amplifier 1s 1ts positive mput.

5. The circuit of claim 3, wherein the logic control signals
comprise: a first control signal, turning on the second switch
to short the first capacitor to the ground when 1t turns high.

6. The circuit of claim 3, wherein the logic control signals
comprise: a second control signal, turning on the first switch
to charge the first capacitor when 1t turns high.

7. The circuit of claim 6, wherein the logic control signals
comprise: a third control signal, turning on the third switch to
connect the upper part of the first capacitor to the integrating
capacitor to enable charge transfer.

8. The circuit of claim 1, further comprising a low pass
filter (“LPF”"), coupled between the error integrator and the
VCO for filtering the control signal from the error integrator.

9. The circuit of claim 1, wherein the frequency deviation
detection circuit comprises:

a fourth switch, receiving the reference current at a first

end;

a second capacitor, coupled between a second end of the
fourth switch and the ground;

a fifth switch, coupled in parallel with the second capacitor;

a first comparator, recerving a voltage at the upper part of
the second capacitor at a first input of the first compara-
tor and the reference voltage at a second 1nput of the first
comparator;

a second comparator, receiving a second reference voltage
at a first input of the second comparator and the voltage
at the upper part of the second capacitor at a second input
of the second comparator the second reference voltage
lower than the first reference voltage; and

a logic gate, recerving outputs from the first and second
comparator and providing the signal indicating whether
the frequency of the VCO output clock 1s within an
expected range.

10. The circuit of claim 9, wherein the capacitance of the

second capacitor 1s larger than that of the first capacitor.

11. The circuit of claim 10, wherein the capacitance of the
second capacitor 1s 110% of that of the first capacitor.

12. The circuit of claim 10, wherein the second reference
voltage 1s 80% of the reference voltage.

13. The circuit of claim 1, further comprising a reference
current generator, recerving the reference voltage and provid-
ing an output bias voltage.

14. The circuit of claim 13, wherein the resistor 1s a poly
silicon film.
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15. The circuit of claim 13, wherein the reference current
generator comprises:

a second power amplifier, receiving the reference voltage at

one mput, and providing a driving voltage at an output;

a first transistor, with 1ts gate controlled by the driving
voltage from the output of the second power amplifier;

a resistor, coupled between a drain of the first transistor and
the ground;

a second transistor, with its source coupled to a fixed volt-
age, and 1ts drain coupled to the source of the first tran-
sistor; and

a current source, coupled between a fixed voltage and the
drain of the first transistor,

wherein the bias voltage 1s taken from the gate of the
second transistor.

16. The circuit of claim 13, further comprising: a trimming
circuit, coupled between the output of the reference current
generator and the mput of the frequency detector.

17. The circuit of claim 16, wherein the trimming circuit
comprises a plurality of circuit branches coupled 1n parallel,
wherein each circuit branch comprises a transistor and a
switch, and wherein transistors in the circuit branches are
controlled by the bias voltage from the reference current
generator.

18. A method for generating a clock for an integrated
circuit with only on-chip components, the method compris-
ng:

recerving a reference current at a frequency detector;

charging a capacitor in the frequency detector with the
reference current;

comparing a first voltage at the upper part of the capacitor
with a reference voltage;

generating a control voltage in response to the comparison;

generating an output clock 1n response to the control volt-
age;

detecting a deviation of the frequency of the output clock
from 1ts expected value;

generating a plurality of logic control signals in response to
the output clock and the deviation; and

controlling the frequency detector with the logic control
signals.

19. The method of claam 18, wherein the logic control
signals comprise: a third control signal for enabling charge to
be transferred 1n and out of the capacitor.

20. The method of claim 18, wherein the logic control
signals comprise: a first control signal for resetting the
capacitor.

21. The method of claim 18, wherein the logic control
signals comprise: a second control signal for charging the
capacitor.

22. The method of claim 21, wherein generating the plu-
rality of logic control signals includes setting the first control
signal high for three clock cycles, and setting the second
control signal high for eight clock cycles.

23. The method of claim 18, further comprising: filtering
the control voltage with a low pass filter.

24. The method of claim 18, further comprising: generat-
ing an output bias voltage in response to a reference voltage.

25. The method of claim 24, further comprising: generat-
ing the reference signal in response to the output bias voltage.
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